Mutant human Cu/Zn superoxide dismutase 1 (SOD1) is associated with motor neuron toxicity and death in an inherited form of amyotrophic lateral sclerosis (ALS; Lou Gehrig disease). One aspect of toxicity in motor neurons involves diminished fast axonal transport, observed both in transgenic mice and, more recently, in axoplasm isolated from squid giant axons. The latter effect appears to be directly mediated by misfolded SOD1, whose addition activates phosphorylation of p38 MAPK and phosphorylation of kinesin. Here, we observe that several different oligomeric states of a fusion protein, comprising ALS-associated human G85R SOD1 joined with yellow fluorescent protein (G85R SOD1YFP), which produces ALS in transgenic mice, inhibited anterograde transport when added to squid axoplasm. Inhibition was blocked both by an apoptosis signal-regulating kinase 1 (ASK1; MAPKKK) inhibitor and by a p38 inhibitor, indicating the transport defect is mediated through the MAPK cascade. In further incubations, we observed that addition of the mammalian molecular chaperone Hsc70, abundantly associated with G85R SOD1YFP in spinal cord of transgenic mice, exerted partial correction of the transport defect, associated with diminished phosphorylation of p38. Most striking, the addition of the molecular chaperone Hsp110, in a concentration substoichiometric to the mutant SOD1 protein, completely rescued both the transport defect and the phosphorylation of p38. Hsp110 has been demonstrated to act as a nucleotide exchange factor for Hsc70 and, more recently, to be able to cooperate with it to mediate protein disaggregation. We speculate that it can cooperate with endogenous squid Hsp(c)70 to mediate binding and/or disaggregation of mutant SOD1 protein, abrogating toxicity.
axoplasmic transport | SOD1-linked ALS I n a number of neurodegenerative diseases, aggregates of specific proteins are observed in particular affected neuronal populations. The nature of misfolding and aggregation of these proteins in an aging-related manner remains poorly understood, as does the dominant "gain of function" toxicity associated with them (loss of function remains a possibility in some cases). Among this collective of diseases is amyotrophic lateral sclerosis (ALS) or Lou Gehrig disease, in which a number of different mutationally altered proteins, including superoxide dismutase 1 (SOD1) (1, 2) , TARDBP (3, 4) , FUS (5, 6) , optineurin (OPTN) (7) , and ubiquilin 2 (UBQLN2) (8) have been associated with heritable forms. These proteins may in general be found in prominent cytosolic aggregates in motor neurons of affected individuals. SOD1 has perhaps been most amenable to study, because transgenic mice overproducing various mutant human versions of this normally dimeric superoxidescavenging enzyme develop ALS after some months, with clinical signs resembling those of humans (9) . A large number of different amino acid substitutions in human SOD1 have been associated with ALS, and many have been shown to destabilize the protein, disposing it to misfolding and aggregation (10, 11) . The exact mechanisms of toxicity remain unclear, but development of disease is associated with alterations in motor neurons, including electrophysiological changes (12) (13) (14) , mitochondrial defects (15), axonal transport deficiency (16) (17) (18) (19) (20) , and neuromuscular junction dysfunction/retraction (21, 22) . In addition, glia, which also express the mutant protein, play a significant role in progression of disease (23) (24) (25) (26) .
What forms of mutant SOD1 are toxic? How do they exert toxicity, and, particularly, can molecular chaperones, which specifically bind nonnative proteins, act to prevent a toxic action? Here we have tested these questions using a well-established system for study of fast axonal transport, the isolated axoplasm from the giant axon of the squid, Loligo pealei (27) .
We find that added G85R mutant human SOD1 fused with yellow fluorescent protein (G85R SOD1YFP), a protein we previously associated with development of ALS in transgenic mice (28) , produces inhibition of anterograde, kinesin-dependent, fast axonal transport in the isolated axoplasm, which is associated with activation of a MAPK cascade. By contrast, WT SOD1 fused with YFP exerts only a minor effect. We observe that addition of the cytosolic molecular chaperone, mammalian Hsc70, previously observed as the predominant protein associating with the G85R SOD1-YFP in spinal cord of transgenic mice (28) , can partially reverse the transport defect. Strikingly, the molecular chaperone Hsp110, also associated with the mutant SOD1 in spinal cord (28) and established as a nucleotide exchange factor for Hsc70 (29, 30) that assists it in protein disaggregation (31, 32) , completely reverses the transport defect when added at levels substoichiometric to the mutant protein. This establishes a role for molecular chaperones in potentially serving to bind and prevent the toxicity of diseaseproducing misfolded SOD1 species.
Results

G85R SOD1-YFP but Not WT SOD1-YFP Inhibits Anterograde Fast
Axonal Transport in Squid Axoplasm. Although deficiencies in axonal transport have been described in mouse models of ALS (16) (17) (18) (19) (20) , the relative inaccessibility of mouse axons to biochemical manipulation led us to use axoplasm isolated from squid giant axon, a preparation free of the axonal membrane, to which it is possible to directly add purified proteins and small molecules and observe their effects on transport in real-time (27) . Additionally, this system allows for recovery of the incubated axoplasm for biochemical and immunochemical analysis.
To provide proteins for measuring effects on axoplasmic transport, we overexpressed both WT and ALS-associated G85R mutant forms of human SOD1 fused to YFP bearing a C-terminal hexahistidine tag in Escherichia coli and purified the soluble protein (WT SOD1YFP and G85R SOD1YFP, respectively; Methods). The purified mutant protein behaved mainly as a monomer on gel filtration, with some earlier-eluting material reflecting misfolded or larger molecular size species (Fig. S1A) . To increase production of such species, the mutant protein was incubated at 37°C for 24 h, which indeed expanded the earlier-eluting species (Fig. S1B ). We observed from rechromatography studies, however, that the apparent size of the larger material was dynamic. Therefore, to stabilize individual species, we carried out disuccinimidyl suberate (DSS) crosslinking after 37°C incubation, followed by gel filtration and isolation of specific size fractions ( Fig. S1C; Fig. S2 for SDS gel analysis of the crosslinked fractions). These various mutant species as well as 37°C-incubated WT dimer (Fig. S1D ) were then mixed with the perfusion buffer surrounding the intact axoplasm extruded from a squid giant axon, rapidly diffusing through the axoplasm as observed by fluorescence microscopy. The effect of such addition on the rate of transport of vesicular structures (∼20-200 nm diameter) was measured in real-time by video-enhanced contrast differential interference contrast (DIC) microscopy (27) .
In all cases, the mutant G85R SOD1YFP species produced progressive slowing of anterograde axonal transport (Fig. 1 , compare C-F with A). In contrast, there was no specific effect of the mutant on retrograde transport (Fig. S3 ). Whereas the mutant species all produced relatively similar slowing of anterograde transport, the WT dimer exhibited only a small effect (Fig. 1B) . Note that the same microgram amount of each mutant species was added so that, for example, the molarity of the 300-kDa species is reduced relative to that of the dimer fraction.
These results parallel those reported by Bosco et al. (33) , in which either a different human mutant SOD1 (H46R) or hydrogen peroxide-treated WT human SOD1 had similar inhibitory effects specifically on anterograde transport in the axoplasm assay, whereas WT human SOD1 had little or no effect. The present data suggest that a variety of oligomeric forms of mutant SOD1 species may be toxic to transport, potentially including monomeric forms, but the dynamic nature of the noncrosslinked material precludes conclusions about which species might be most toxic in that context. G85R SOD1YFP Activates p38 MAPK in Squid Axoplasm. Studies of fast axonal transport in squid axoplasm in the presence of H46R SOD1 and oxidized SOD1, as well as other neurodegenerationassociated proteins, have associated transport defects with activation of various kinase cascades (34) . In the case of SOD1, such transport defects are associated with phosphorylation of p38 MAPK, which stimulates its kinase activity (33) . To assess whether the presence of G85R SOD1YFP could likewise lead to increased phosphorylation of p38, axoplasm was incubated with WT SOD1YFP or various forms of G85R SOD1YFP, and phosphorylation of p38 was assayed by Western blot analysis with an antiphospho p38 antibody. As shown in Fig. 2 , whereas WT SOD1YFP did not detectably activate phosphorylation of the kinase relative to axoplasm alone, the mutant G85R SOD1YFP forms produced increases ranging from 1.5-fold for 300 kDa and >300 kDa to greater than twofold for nonincubated, 37°C-incubated, and crosslinked dimer. This extent of phosphorylation of p38 in the presence of the various mutant species correlates well with the inhibition of fast anterograde transport. The specific activity of phosphorylation of p38 may be roughly similar for all of the G85R SOD1YFP species on a molar basis.
Inhibition of Anterograde Fast Axonal Transport Is Abolished by Either
p38 MAPK Inhibitor MW069 or ASK1 (MAPKKK) Inhibitor NQDI-1. We asked whether there was a causal relationship between phosphorylation (activation) of p38 in the presence of G85R SOD1YFP and the slowing of anterograde transport. The p38 kinase inhibitor MW069 (35) was added to an axoplasmic transport assay containing 37°C-incubated G85R SOD1YFP, and we observed that it 4.6 μM WT SOD1YFP (final concentration) previously incubated at 37°C for 24 h; (C) 4.6 μM G85R SOD1YFP, without prior incubation; (D) 4.6 μM G85R SOD1YFP, incubated for 24 h at 37°C; and (E and F), two gel filtration fractions of G85R SOD1YFP, which had been incubated and crosslinked (XL) with DSS, corresponding to dimeric SOD1YFP (E) and multimeric species of ∼300 kDa (F) (see Fig. S1 and Methods for additional detail), both in final concentrations equivalent to 4.6 μM monomer. In each panel, the individual points are the rate of anterograde movement at the specified time after addition of SOD1YFP protein to the perfusion buffer surrounding the axoplasm, with each color representing a single axoplasm. The corresponding colored lines are linear best fits to the corresponding points. (G) The negative of the slope from the respective sets of fit lines in panels A-F are plotted, showing the mean and SE for the three or four experiments under each condition. Although the WT exerted a small slowing of anterograde transport, the various forms of G85R SOD1YFP all produced significantly greater slowing of transport.
completely normalized the rate of anterograde transport ( Fig. 3 A and B). This indicates a proximate involvement of p38 kinase activity in the effects on anterograde transport. We then asked whether the entire MAPK cascade was involved. Several inhibitors at the level of MAPKKK were tested, and here we observed that the inhibitor NQDI-1, which inhibits the MAPKKK apoptosis signal-regulating kinase 1 (ASK1) (36) , also corrected the anterograde transport defect (Fig. 3 A, C, and D). As expected, addition of NQDI-1 led to a block of the downstream phosphorylation of p38 ( Blocks Slowing. Earlier studies have indicated that the molecular chaperone Hsc70 interacts with mutant human SOD1 protein in the spinal cord of transgenic mice that develop ALS (37, 38) . This interaction also occurred in mouse strains transgenic for G85R SOD1YFP (28) . We have also observed the association of G85R SOD1YFP with the nucleotide exchange factors for Hsc70 known collectively as Hsp110s (three related proteins, Hspa4, Hspa4L, and Hsph1; 28). By contrast, no such chaperone interactions were observed in spinal cords of WT SOD1YFP transgenic mice. Notably, Hsc70/Hsp70 chaperone interactions occur with extended segments of nonnative proteins that expose hydrophobic side chains (39, 40) . Such features are presented both by newly made proteins and by misfolded ones, which in some cases are associated with neurodegenerative processes. The latter interactions may be relatively persistent compared with the interactions with proteins that can proceed to the native state. Such chaperone interactions with mutant SOD1s may comprise the most proximate protein interactions.
We conjectured that exogenously added Hsc70 or Hsp110 might provide additional protection against MAPK activation beyond that afforded by endogenous squid chaperones and thus reverse the slowing of anterograde axonal transport. Addition of purified bovine Hsc70 in twofold molar excess over G85R SOD1YFP (10 μM vs. 4.6 μM) indeed reduced the G85R SOD1YFP-induced transport defect by ∼50% (Fig. 4B) . Even more strikingly, addition of substoichiometric amounts of Hsp110 (0.6 μM of human HSPA4L), completely corrected the transport defect produced by G85R SOD1YFP (Fig. 4C) . The substoichiometric action exerted by Hsp110 would be consistent with its cooperation with an endogenous squid component(s), particularly endogenous Hsc70 or Hsp70, and likely a DnaJ homolog, to mediate masking of a toxic element of G85R SOD1YFP or to drive dissociation of a toxic protein-protein interaction. For example, if misfolded monomer associates with other proteins to produce toxicity, then the addition of Hsp110 and its cooperation with squid Hsp70 (and DnaJ) components might dissociate such oligomeric species and thus detoxify the mutant protein. Notably, recent studies have indicated a role for Hsp110 in disaggregation, functioning via its nucleotide exchange activity with Hsc70 (32; see also ref. 31 , in which direct binding of substrate protein by Hsp110 is also indicated). Importantly, the chaperone effects observed here were not associated with proteolytic turnover of G85R SOD1YFP, because Western blot analysis of the incubated squid axoplasm did not reveal an alteration in the level of the mutant protein (Fig. S4) . Finally, incubation of the Hsc70 and Hsp110 chaperones together exerted the same corrective effect on transport as Hsp110 alone.
The nature of the interactions in the squid axoplasm between the endogenous chaperones and exogenously added Hsc70 and Hsp110 is not clear. We have, however, used anti-YFP affinity chromatography to capture G85R SOD1YFP from the squid axoplasm assay after incubation without exogenous chaperones. Proteolysis/HPLC-MS readily identified two Hsp70-related squid proteins as the dominant species captured with mutant SOD1YFP itself, along with two DnaJ homologs (Table S1 ). Interestingly, there was also selective capture of cytoskeletal and synaptic vesicle proteins as well as both kinesin and dynein. By contrast, much lower levels of chaperone species were captured from axoplasm that had been incubated with WT SOD1YFP (Table S1 ). Notably, in neither case was either of two predicted endogenous squid Hsp110 proteins detected.
Hsc70 Inhibits Phosphorylation of p38 in the Presence of G85R SOD1YFP, and Hsp110 Completely Blocks Phosphorylation. Consistent with the placement of MAPK activation distal to chaperonemediated action, addition of either Hsc70 or Hsp110 (or both) to the G85R SOD1YFP-containing axoplasm was able to inhibit phosphorylation of p38 (Fig. 5) . The action of Hsc70 (10 μM) was partial (compare lanes 2 and 4), corresponding to the degree of its effect on transport (Fig. 4B) . In contrast, the action of Hsp110 (0.6 μM) was complete, with phosphorylation reduced to the level seen with WT SOD1YFP (compare lanes 2, 5, and 6). This effect corresponds to the complete correction of the slowing of anterograde transport (Fig. 4B) .
Discussion
The studies here of effects of a mutant human SOD1 on anterograde fast transport in squid axoplasm likely have relevance to interactions that produce neurotoxicity in the mammalian setting (Fig. 5C ). The misfolded mutant protein apparently exposes epitopes that are sufficiently extended and hydrophobic to recruit endogenous Hsp(c)70 in axoplasm, as occurs in vivo in mouse spinal cord (Table S1 ; 28, 37, 38) . Notably, Hsc70 is the most abundant chaperone in mouse motor neurons, as revealed by laser capture microdissection and proteolysis/MS. Such physical interaction of both squid endogenous Hsp(c)70 and DnaJ proteins, as well as exogenously added bovine Hsc70, with mutant SOD1, can apparently partially mitigate the toxic effects of the mutant protein that lead to MAPK activation and inhibition of anterograde axonal transport (Figs. 4 and 5 ). More striking is the ability of the exogenously added human chaperone/nucleotide exchange factor, Hsp110, to mediate complete inhibition of this downstream toxic pathway at a concentration substoichiometric to G85R SOD1YFP (Figs. 4 and 5 ). This action, because it can Phosphorylation was greatest in the presence of G85R SOD1YFP (whether incubated at 37°C or not) as well as with DSS-crosslinked dimer (purified by gel filtration). Because equal amounts of protein were added in each case, the relatively lower level of phosphorylation in the presence of 300 kDa and >300 kDa, relative to nonfractionated G85R SOD1YFP, could reflect that their "specific activity" for activation of p38 phosphorylation is relatively similar to that of the other mutant species.
occur with Hsp110 addition alone, is likely accomplished in cooperation with endogenous squid Hsp(c)70 and DnaJ, and might reflect the augmentation of what is otherwise a rate limiting step in a disaggregation reaction. Because the added human Hsp110 was recovered from the axoplasm with the affinity-captured mutant SOD1YFP as observed by MS, it appears that the chaperone has the ability, in this context, either to stably bind directly to the mutant SOD1 or to stably associate with the mutant SOD1 via endogenous Hsp(c)70, which is also recovered in this sample. As mentioned, it is unclear whether the action of Hsp110/Hsp(c)70 (and putatively DnaJ) disrupts a homomeric interaction between misfolded G85R SOD1YFP proteins or a heteromeric one between the mutant SOD1 protein and a squid protein(s), designated X in Fig. 5C , that somehow mediates the toxic effect. Potentially, the same surfaces in the mutant protein that interact with the molecular chaperones are able, when left unbound, to interact with endogenous protein(s) in the axoplasm to produce the gain of toxic function that here results in activation of the MAPK cascade.
It seems possible that G85R SOD1YFP directly interacts with ASK1 to activate its kinase activity and the downstream cascade. Interaction of WT SOD1 with two casein kinases has been recently reported in the context of a signaling cascade that controls cellular respiration (41) . There is also a report that WT SOD1 can bind directly to Rac1 and affect its activity (42) . However, whether the misfolded state could mediate either such association is currently unknown.
The identity of a relevant component associating with mutant SOD1 might be intimated by its recovery among the proteins bound to G85R SOD1YFP captured via anti-YFP antibodies when G85R SOD1YFP alone was added to axoplasm but not when exogenously added Hsp110 was also present (see Table S2 for a list of such selectively captured components). Prominent in this list are cytoskeletal proteins and cytoskeletal-modifying components as well as synaptic vesicle-associated proteins, but no obvious candidate for protein X is apparent.
The possibility also has to be considered that the mutant SOD1 protein could be depleting limiting amounts of squid Hsc70 and/or Hsp110, leading somehow to MAPK cascade activation. The nature of such a mechanism is unclear. Finally, it is conceivable that the complex of mutant SOD1 and X itself is the toxic species that has gained the ability to activate the ASK1 kinase cascade. It will be crucial to identify the activating component(s), regardless of whether the same kinase cascade is operative to produce toxicity in mammals, because its identity may provide a window into the nature of a protein species that can interact with a neurodegeneration-associated protein to activate a kinase cascade as a gain of function.
Methods
Antibodies and Reagents. The following antibodies were used: anti-kinesin heavy chain (H2 clone; 1:100,000) (43) Protein Preparations. Both G85R SOD1YPFHis and WT SOD1YFPHis were produced in E. coli BL21/DE3 cells by overexpression from pET vectors. The former transformant was induced at low temperature in 50 μM isopropyl β-D-1-thiogalactopyranoside to optimize the fraction that remained soluble (∼2%). Both mutant and WT fusion proteins were purified on Talon resin, and the eluted material further purified by chromatography on MonoQ 10/10, eluting at 0.1-0.15 M NaCl. Bovine Hsc70 was overexpressed in E. coli and purified by anion exchange chromatography on Q Sepharose Fast Flow, followed by ATP agarose chromatography (Sigma/Fluka/02065). Human Hsp110 (HSPA4L) was produced as a 6His-SUMO-2G-HSPA4L fusion in E. coli and purified on Talon resin. The eluted protein was treated with purified ULP1-His to cleave the SUMO moiety, and the HSPA4L was recovered free of both His-SUMO and ULP1-His by passage through Talon resin (32, 44) .
Vesicle Motility Assays in Isolated Axoplasm. Intact axoplasms were extruded from giant axons of the squid L. pealei (Marine Biological Laboratory) as described previously (45) . Recombinant proteins and pharmacological inhibitors were diluted into X/2 buffer (175 mM potassium aspartate, 65 mM taurine, 35 mM betaine, 25 mM glycine, 10 mM Hepes, 6.5 mM MgCl 2 , 5 mM EGTA, 1.5 mM CaCl 2 , 0.5 mM glucose, pH 7.2) supplemented with 2-5 mM ATP, and 25 μL were perfused into chambers holding membrane-free axoplasms. The final concentration of the SOD1-YFP was 4.6 μM with respect to the fusion monomer; the final concentration of Hsc70 was 10 μM, and that of Hsp110 was 0.6 μM. Axoplasms were visualized on a Zeiss Axiomat microscope with a 100×, 1.3 n.a. objective and DIC optics used. Images were acquired with a Hamamatsu Model 2400 CCD camera and Argus 20 interface, and organelle velocities were measured with a Photonics Microscopy C2117 video manipulator (Hamamatsu) as described previously (46) . The rate measurements obtained by this method reflect a sampling of vesicle movements in and out of the plane of focus, so the average velocity correlates with both the rate and number of vesicles moving in a given treatment [i.e., high rates also mean high numbers of vesicles, whereas low rates reflect reduced numbers as well as slower mean velocities (46) (47) (48) ].
Statistical Analyses. All experiments were repeated at least three times. The data were typically analyzed by pooled t test of μ1-μ2 using DataDesk statistical software. Quantitative data were expressed as mean ± SEM unless otherwise stated; significance was determined as P values as indicated.
Squid Transcriptome and Proteomic Analyses. RNA. Optic lobes were dissected from freshly caught squid and frozen in liquid nitrogen. Two lobes (∼0.2 g each) from the same animal were ground separately in a stainless steel mortar and pestle under liquid nitrogen, then thawed/dispersed in lysis buffer (PureLink Mini kit, Invitrogen) with homogenization. The kit protocols for column application, washing, and elution were followed, with the inclusion of on-column DNase I treatment. The yield was 2.5-3.0 μg total Fig. 4 . Addition of molecular chaperones Hsc70 or Hsp110 reduces and reverses, respectively, the effect of G85R SOD1YFP on anterograde axoplasmic transport. Transport assays were carried out and plotted as described in Fig. 1 , with 4.6 μM final concentration of G85R SOD1YFP that had been incubated at 37°C for 24 h. (A) Reproduction of Fig. 1D. (B) 10 μM Hsc70 (final concentration) was added to the axoplasm mixture at the same time as G85R SOD1YFP; (C) 0.6 μM Hsp110 (final concentration) was added at the same time as G85R SOD1YFP. (D) The negative of the slopes with means and SEs from the transport data taken from three experiments for each condition are plotted. Whereas Hsc70 reduced the inhibition of transport by ∼50%, the addition of Hsp110 completely blocked inhibition of transport by G85R SOD1YFP. Note that addition of Hsp110 to axoplasm in the absence of added G85R SOD1YFP did not affect the rate of anterograde transport (not shown). . Model for action of G85R SOD1YFP in inhibiting anterograde axonal transport. The mutant protein is proposed to activate the MAPK cascade via an interaction with a component(s), designated X, that activates ASK1 that, in turn, inhibits anterograde transport via p38-mediated phosphorylation of kinesin heavy chain (KHC). Such phosphorylation has been detected in another study of a mutant SOD1 in squid axoplasm (34) . Notably, the phosphorylation of KHC is not detectable on immunoblots, requiring instead addition of [ 32 P]ATP to the axoplasm, followed by immunoprecipitation (G. Morfini, Y.S. and S.T.B., unpublished). The effects of the molecular chaperones, Hsc70 and Hsp110, are suggested to lie upstream of these phosphorylation-dependent actions, forestalling cascade activation presumably by cooperative binding and release of the mutant protein in the presence of ATP (here added to all axoplasms at 2-5 mM final concentration), mediating its disaggregation or unfolding and preventing the toxic effect of G85R SOD1YFP to activate the MAPK cascade.
RNA per optic lobe. mRNA was purified from 500 ng total RNA with oligo-dT beads (Invitrogen) and sheared in SuperScript III reverse transcription buffer (Invitrogen) by incubation at 94°C for 2 min. First-strand synthesis by SuperScript III was primed with random primers; the second-strand synthesis reaction contained UTP instead of TTP so that uracil DNA-glycosylase (New England Biolabs) could be used later to remove uracil residues and produce a strand-specific sequencing library. The cDNA library was end-repaired and A-tailed, and a custom adapter containing Illumina sequencing primer binding sites was ligated to both ends of the insert. The 400-500 bp fraction of the library was recovered from a 2% (wt/vol) agarose gel, PCR amplified, and quantified by quantitative RT-PCR. The library was sequenced on a version 2 Illumina MiSeq using paired-end 250-bp reads. Adapter sequences, empty reads, and low-quality sequences were removed; and the first 15 and last 50 (read 1) or last 100 (read 2) nucleotides were trimmed to remove low quality bases using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index. html). Putative transcripts were assembled using the Trinity method (49) . Protein. The transcripts were conceptually translated within the Trinity package, and all predicted ORFs >50 amino acids long were compiled in a FASTA-formatted file. This file was used as the database against which the MS data (Affinity capture and MS) were searched with Sequest (Thermo Scientific) and DTASelect (50) . Identified protein sequences were searched against the nonredundant protein database (National Center for Biotechnology Information; January 12, 2013) using BLAST 2.2.27+, running locally. The best "hit" reported for each sequence was curated manually to ensure a significant level of similarity, remove duplicates, and resolve isoforms when possible. Affinity capture and MS. After vesicle transport experiments in the presence of WT or mutant SOD1YFP, with or without added Hsp110, the axoplasm and its surrounding perfusion buffer were recovered, briefly homogenized with a pipet tip, and centrifuged at 15,000 × g for 5 min in a microcentrifuge. The supernatant was recovered, and 10 μL of Ultralink-bound anti-YFP antibody was added (prior experiments indicated that this quantity of resin was more than sufficient to bind all of the 4.6 μg of SOD1YFP added to each axoplasm). The resin was washed and eluted as detailed previously (28) , and the recovered proteins were modified and proteolyzed with trypsin as described, except that chloroacetamide was used to block sulfhydryl groups. The peptide mixtures from two identical transport experiments were combined and subjected to MudPIT HPLC/MS analysis as described (28) on an LTQ Orbitrap XL mass spectrometer (Thermo Scientific).
Supporting Information
Song et al. 10 .1073/pnas.1303279110 5 kDa) . Late-eluting species in the top two traces correspond to degradation products, which are essentially free YFP, as indicated by SDS/PAGE and immunodetection on Western blots with anti-YFP and anti-SOD1 antibodies. Note that 37°C incubation (without crosslinking) reproducibly shifts the G85R SOD1YFP peak toward earlier elution and also produces a broad "left shoulder" of early-eluting material that begins at fraction 20. Fig. S2 . Analysis of DSS-crosslinked (XL) G85R superoxide dismutase 1 (SOD1)YFP gel filtration fractions by SDS/PAGE and Coomassie staining. Indicated gel filtration fractions were applied without boiling to a 6% polyacrylamide SDS gel. Size markers are indicated at the left. Note that migration positions of the XL material are relatively broad and, in general, the material appears to migrate more rapidly than corresponding marker proteins, presumably related to hydrodynamic shape. For example, the XL monomer migrates both behind and at the dye front in this gel. XL dimer appears to migrate more slowly than the 52-kDa marker. The sharp Coomassie-stained species marked by an asterisk is not fluorescent when assessed by PhosphorImager analysis, compared with the smeared species, and is thus not an SOD1-YFP species. Fig. S3 . Retrograde transport is not significantly affected by addition of WT superoxide dismutase 1 (SOD1)YFP or G85R SOD1YFP. Incubations were carried out as described in Fig. 1 , and retrograde transport was measured by video-enhanced contrast DIC microscopy. These measurements were acquired simultaneously with those of anterograde transport shown in Fig. 1. (A) WT SOD1YFP, incubated 24 h at 37°C before addition; (B) G85R SOD1YFP, not incubated before addition; and (C) G85R SOD1YFP incubated 24 h at 37°C before addition. Three separate experiments for each condition are shown; lines are linear least-squares fits to the correspondingly colored data points. In the affinity capture experiment from axoplasm with both G85R SOD1YFP and added Hsp110, human Hsp110 (93 spectral counts reflecting 51% sequence coverage) was recovered along with G85R SOD1YFP (1273 spectral counts, 82.5% coverage). *Proteins were identified after MS as in Table S1 . The significant best hits that were present in axoplasm incubated with G85R SOD1YFP and not present when incubation was with both G85R and Hsp110 are listed. † Raw spectral counts for G85R have been normalized as in Table S1 to reflect the different recovery of SOD1YFP in the two experiments.
